Controlling a telescope chopping secondary mirror assembly using a signal deconvolution technique Rev. Sci. Instrum. 74, 3802 (2003) A wideband lag correlator for heterodyne spectroscopy of broad astronomical and atmospheric spectral lines Rev. Sci. Instrum. 72, 1531 (2001 A medium-frequency interferometer for studying auroral radio emissions Rev. Sci. Instrum. 71, 3200 (2000) Implementation of a photonic automatic gain control system for correcting gain variations in the Green Bank Telescope fiber optic system Rev. Sci. Instrum. 71, 3196 (2000) The Mt. Fuji submillimeter-wave telescope Rev. Sci. Instrum. 71, 2895 (2000 Additional information on Rev. Sci. Instrum. This paper describes a comparative nonlinear analysis of low-noise amplifiers ͑LNAs͒ under different stimuli for use in astronomical applications. Wide-band Gaussian-noise input signals, together with the high values of gain required, make that figures of merit, such as the 1 dB compression ͑1 dBc͒ point of amplifiers, become crucial in the design process of radiometric receivers in order to guarantee the linearity in their nominal operation. The typical method to obtain the 1 dBc point is by using single-tone excitation signals to get the nonlinear amplitude to amplitude ͑AM-AM͒ characteristic but, as will be shown in the paper, in radiometers, the nature of the wide-band Gaussian-noise excitation signals makes the amplifiers present higher nonlinearity than when using single tone excitation signals. Therefore, in order to analyze the suitability of the LNA's nominal operation, the 1 dBc point has to be obtained, but using realistic excitation signals. In this work, an analytical study of compression effects in amplifiers due to excitation signals composed of several tones is reported. Moreover, LNA nonlinear characteristics, as AM-AM, total distortion, and power to distortion ratio, have been obtained by simulation and measurement with wide-band Gaussian-noise excitation signals. This kind of signal can be considered as a limit case of a multitone signal, when the number of tones is very high. The work is illustrated by means of the extraction of realistic nonlinear characteristics, through simulation and measurement, of a 31 GHz back-end module LNA used in the radiometer of the QUIJOTE ͑Q U I JOint TEnerife͒ CMB experiment.
I. INTRODUCTION
In the design process of radiometric receivers, 1 linearity is one of the main goals to be achieved. [2] [3] [4] [5] In these receivers there are two main sources of nonlinear behavior: detectors and low-noise amplifiers ͑LNAs͒. Linearity of astronomical detectors is considered an important issue. [6] [7] [8] [9] [10] [11] In the particular case of LNAs, linearity is used to be defined by taking into account a figure of merit such as the 1 dBc point and setting an appropriate input power back-off level. This point is part of the nonlinear amplitude to amplitude ͑AM-AM͒ characteristic, typically estimated by means of single-tone excitation signals. Nevertheless, there are many applications in which the operation of the circuits is driven by wide-band excitation signals. This is the case of radiometric receivers where the excitation signal comes from the sky in the form of a wide-band Gaussian-noise signal to be filtered and amplified in the band of interest. As will be shown in this work, the different nature of this kind of excitation signal, with respect to the typical one-tone test signal, makes the receiver LNAs present a more nonlinear behavior than it would be expected for the single-tone nonlinear characteristics. 12 In fact, similar nonlinear effects have been detected in power amplifiers of communication systems with wide-bandmodulated excitation signals. 13 So, in order to analyze the suitability of the LNAs' nominal operation point, linearity figures of merit, such as the 1 dBc point, have to be obtained, but using realistic excitation signals. This paper is focused on the extraction of the nonlinear characteristics of a 31 GHz LNA that is part of the radiometric receiver for the QUIJOTE CMB experiment.
14 An analytical study of compression effects due to amplifier excitation signals composed of several tones is proposed. On the other hand, nonlinear characteristics with wide-band Gaussian-noise excitation signals are obtained by simulation and measurement. This kind of signal can be considered as a limit case of a multitone signal with a very high number of tones. Due to the intermodulation noise, the nonlinear Gaussian-noise characteristic still provides an optimistic 1 dBc point. To take this into account, the total distortion power and power to distortion ͑P/D͒ ͑Refs. 15 and 16͒ have been obtained by simulation and measurement. These characteristics give a very accurate idea of the amplifier linearity as a function of the input power. The paper is organized as follows. In Sec. II, a simple analytical study of the nonlinear behavior of amplifiers when excited with multitone signals is described. In Sec. III, nonlinear characteristics and figures of merit, with multitone and Gaussian-noise excitation signals, are obtained by simulation 
II. NONLINEARITY ANALYTICAL STUDY OF AMPLIFIERS
This section describes a simple analytical study of the compression effects in amplifiers as a function of the number of tones of the excitation signal. For a more detailed analysis, see Ref. 17 . Figure 1 shows the schematic of a generic amplifier with a multitone voltage excitation signal and a load resistance of value R 0 . For simplicity the input impedance of the amplifier is also R 0 . On the other hand, the output current of the amplifier I out is a function of the input voltage V in and is given analytically by
We suppose that the coefficients a 1 and a 3 are real, so, in order to simplify the calculations, the equation corresponds to a memoryless weakly nonlinear amplifier. By means of simple mathematical developments, it is possible to conclude that for a generic N-tone excitation signal in the form of
which has been the input power,
the analytical expression of the nonlinear characteristic turns out to be
The nonlinear terms of the previous equation are higher when the number of tones is increased, so we can deduce that the amplifier's AM-AM characteristic becomes more nonlinear. On the other hand, the linear term of the amplifier gain is not altered.
Let us define the following coefficients:
In Table I the values of C 2 and C 3 as a function of the input signal's number of tones are summarized.
As we have previously mentioned, the paper is focused on one LNA, in particular, the Avago Technologies AMMC-6241, to illustrate the work. The typical one-tone AM-AM characteristic has been measured, obtaining a linear gain of 17.4 dB and a 1 dBc point with Ϫ10 dBm of input power and 6.4 dBm of output power. The analytical model parameters fitting the gain and 1 dBc point are R 0 = 50, a 1 = 0.148 262 1, and a 3 = −2.1535. The nonlinear effects produced by the multitone signals are shown in Fig. 2 , where the nonlinear characteristics obtained when giving these particular values to R 0 , a 1 , and a 3 can be observed. From this figure, it can be observed that the higher the number of tones of the excitation signal is, the higher the nonlinearity of the amplifier appears to be. On the other hand, the 1 dBc tends to a limit point ͑P in = −13 dBm͒ when having a sufficient high number of tones. This apparent limit in the nonlinear compression has to be taken carefully. In the reported simplified development, the different tones are supposed to have phase equal to zero all of them. However, an equivalent "Gaussiannoise signal" has to be composed of several tones with random phases at different frequencies, covering the bandwidth of interest. The analytical model of Fig. 1 has been implemented in the commercial software ADS of Agilent Technologies. In Fig. 3 the AM-AM characteristics have been achieved simulating with such an equivalent Gaussian-noise signal composed by 13 tones with random phases and also with the single-tone one. The 1 dBc point has an input power of Ϫ15 dBm, which is 2 dB lower that the limit point in Fig. 2 . The real input signal to a LNA with astronomical applications is a wide-band Gaussian-noise signal that can be considered as a multitone signal composed of an infinite number of tones with random phases, so it would appear to be reasonable to expect a similar compression to that in Fig. 3 .
III. AMMC-6241 SIMULATED AND MEASURED NONLINEAR CHARACTERISTICS
In Sec. II, a simplified analytical model of one of the QUIJOTE radiometer LNAs has been used to predict its nonlinear behavior with multitone excitation signals. In this section a more detailed behavioral model of the LNA is simulated to obtain more realistic nonlinear characteristics and also measurement results are shown.
A. AMMC-6241 behavioral modeling
A Wiener type model has been used for the reported LNA. 18 This kind of model is suitable for weak or strong nonlinearities with memory. It consists of the series connection of a simplified equivalent electric circuit, reproducing the small-signal memory of the amplifier, and a memoryless nonlinearity implementing the single tone AM-AM nonlinear characteristic measured up to a high degree of compression. The memoryless block can be implemented by means of specific library elements available in any commercial simulator. The small-signal behavior of the nonlinear block has to accomplish perfect matching ͑Sii= 0͒ and perfect and bilateral transmission ͑Sij= 1͒, independent of the frequency. By this way, the matching conditions will be determined by the linear filter characterizing the linear dynamics, affected, in turn, by the nonlinear AM-AM characteristic. The model does not suffer from convergence problems and allows accurate nonlinear time-domain simulation, which is essential when the input signal is Gaussian white noise, with continuous spectra, as is the case of radiometric receivers. The linear filter is obtained by the application of linear system modeling techniques, 19 obtaining an equivalent lumped-element filter with the same frequency response than obtained by measuring the ͓S͔ parameters of the amplifier.
B. Measurement-based model simulation
The previously reported behavioral model is more accurate than the analytical one of Sec. II because it fits exactly the measured memoryless nonlinear AM-AM characteristic, and also because it characterizes the linear distortion corresponding to the small-signal memory effects. In order to show the differences between both types of models let us introduce the concept of distortion power and P/D ratio for an amplifier. The distortion power is the difference between the output power of a purely linear amplifier and the output power of the corresponding nonlinear amplifier in decibels. On the other hand, the P/D ratio is the ratio between the output power of the nonlinear amplifier and the corresponding distortion power in decibels. Figure 4 shows the output power ͑triangles͒, the distortion power ͑squares͒, and the P/D ͑diamonds͒ achieved by the simulation of the analytical model ͑solid lines͒ and the measurement-based behavioral model ͑dashed lines͒ with Gaussian-noise excitation signals, simulated by means of pass-band filtered white-noise signals. 12 The band of the signals extends from 26 to 36 GHz. In this figure, there can be distinguished three regions. The first region is the smallest signal region, from Ϫ42 to Ϫ30 dBm of input power, where the analytical model shows lower distortion than the behavioral one. This is because the analytical model's small signal behavior is defined by a real gain with no dependence on frequency, so there is no linear distortion, and the total distortion tends to zero when input power is near zero. Nevertheless, the behavioral model characterizes the linear distortion, given by the small-signal frequency response of the model, which presents a characteristic proportional to the output power in this smallest-signal region ͑see graph's triangles and squares͒. In this region it is possible to assume that the amplifier behavior is almost linear. In the second region, from Ϫ30 to Ϫ15 dBm of input power, the behavioral model presents lower distortion than the analytical one. This is because the analytical model's nonlinear behavior is defined only by quadratic and cubic polynomial terms ͓see Eq. ͑3͔͒, while the nonlinear characteristic of the behavioral model fits the measured one with higher-order polynomial terms. These higher-order terms have the effect of smooth nonlinearity and, in consequence, the distortion in the reported region of the nonlinear characteristics. Finally, in the third region, from Ϫ15 to Ϫ10 dBm, the distortion generated by both models is very similar, because in this region the cubic polynomial term characterizes quite accurately the nonlinear behavior of the amplifier. The nonlinear characteristics of the behavioral model, in form of Gain and Pin-Pout, have been also achieved by simulation and compared with the measured ones. The results are compared in Sec. III D.
C. Measurement set-up
The following is devoted to the validation of previous results by measurement of the AMMC-6241 AM-AM and distortion characteristics in the laboratory. The LNA excitations have been one and two-tone signals and also filtered Gaussian-noise signals. The reported amplifier is a commercial monolithic LNA that is manufactured using a pseudomorphic high-electron mobility transistor process.
Two different set-ups were employed: the first one using sinusoidal continuous waves as input signals and the second one injecting wide-band noise to the amplifier. A synthesized sweep generator HP83650B was used to provide a single tone stimulus to the amplifier. For the two-tone test an additional synthesized sweep generator was added, combining both signals with a directional coupler in waveguide WR28 with a 3 dB coupling factor. The input signal was monitorized on a spectrum analyzer E4446A to fix equal power levels in both tones, prior to apply them to the amplifier.
The second set-up was intended to provide a noisy wideband signal in the operation bandwidth of the amplifier with a power level high enough to allow sweeping the power entering the amplifier using a rotating waveguide attenuator. A R347B noise source with 12 dB of excess noise ratio was used to provide the noisy signal. To reach the required power in the band of interest, two available gain-filtering blocks covering the 26-33 GHz band were cascaded at the source. Power budget calculations were performed to assure that the rotating attenuator placed in-between both blocks prevents nonlinear distortion in the second block. Anyway, both device under test ͑DUT͒ input and output signals were measured for each power level, so the DUT nonlinear characteristic is obtained from measurements. An HP-E4418B power meter was used to measure total power without discrimination of frequencies and validate measurements on the spectrum analyzer, especially with the noisy wide-band signal. Figure 5 shows the block diagram ͑a͒ and a photograph ͑b͒ of the measurement set-up to generate a noisy wide-band signal as excitation for the LNA. In Fig. 5͑b͒ it is also possible to appreciate the spectrum of the wide-band noise excitation signal. Figure 6 compares the nonlinear characteristics of the LNA measured ͑triangles, squares, and diamonds͒ and simulated ͑solid lines͒ using the behavioral model. The results prove the accuracy of the behavioral model. The reported 1 dBc point with Gaussian-noise excitation signals has an input power of Ϫ15.1 dBm, which is 5 dB lower than obtained with a single-tone signal and corresponds almost exactly to the 1 dBc point in Fig. 3 . Nevertheless, these results do not show clearly the real distortion that is produced when using such excitation signals, so the distortion and power to distortion characteristics have been achieved to clarify this point by means of measurement results. Input and output measured spectra and measured S parameters in linear operation were employed. Figure 7 shows the output power ͑triangles͒, the distortion power ͑squares͒, and the P/D ͑diamonds͒ achieved by the measurement ͑solid lines͒ and the simulation of the be- 
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havioral model ͑dashed lines͒. Also three reference points have been selected as representatives of the linear operation ͑a͒, the nonlinear operation in the 1 dBc point ͑b͒, and strongly nonlinear operation ͑c͒. It can be observed that measurement and simulation results are very similar. Figure 8 shows the measured frequency-spectra of the output power and the distortion power in the reference points in Fig. 7 . The output spectra have been achieved directly by measurement ͓see Fig. 5͑b͔͒ . Distortion spectra have been achieved indirectly by means of measured linear S parameters. We have used as excitation signal the measured input signals, and the distortion spectra have been achieved by subtraction of the linear model's output spectra, in watts, to the measured one. In ͑a͒ the output power is Ϫ9 dBm and the distortion power is Ϫ28 dBm. On the other hand, it can be observed how, in the 1 dBc point ͑b͒, a big part of the output signal ͑1.5 dBm͒ is generated by distortion ͑Ϫ3.7 dBm͒, while in the strongly nonlinear operation point the distortion power ͑5 dBm͒ is even higher that the output power ͑4.2 dBm͒ due to the high compression degree achieved in this point.
Taking into account the reported results, a good design rule to ensure the linearity in the operation of a LNA for astronomical applications is to set the required input backoff, with respect to the single-tone 1 dBc point, to assure that the LNA is operating at power levels where the only distortion generated by the amplifier is the amplitude and phasedistortion caused by the linear memory effects, but any non- linear distortion is produced. These power levels can be identified in Fig. 7 by the region where the distortion power is linearly proportional to the output power ͑P/D is almost constant͒. This region has a maximum input power of approximately Ϫ25 dBm, so in the reported case, at least a 15 dB input back-off with respect to the single-tone 1 dBc point has to be set. For the AMMC-6241, the expected input power to the QUIJOTE experiment BEM is around Ϫ53 dBm, so the linearity is clearly established.
IV. CONCLUSION
This paper shows the effects of wide-band Gaussiannoise excitation signals on the nonlinear behavior of LNAs employed in radiometers and instruments with astronomical applications. The use of multitone excitation signals, as a first approximation to a wide-band signal, and also filtered Gaussian noise has shown that the typical single-tone 1 dBc point is not appropriate as a linearity indicator in the instrument designing process.
The work has been focused on a particular LNA used in the BEM for the 31 GHz receiver of the QUIJOTE experiment radiometer. Taking into account a Gaussian-noise excitation signal in the working band of this receiver, from 26 to 36 GHz, the resulting 1 dBc point has an input power around 5 dB lower than the one corresponding to the single-tone 1 dBc point. In fact, the reported Gaussian-noise 1 dBc point is also optimistic due to the distortion that is added to the output power. Taking into account total distortion power and P/D ratio evaluation, it has been shown how a good design rule to apply in these cases consists of establishing the required input back-off, with respect to the single-tone 1 dBc point, to assure that the LNA is operating at power levels, where the only distortion generated by the amplifier is the linear memory distortion, so P/D has no dependence on input power. In our particular case, this rule makes us set at least a 15 dB input back-off with respect to the single-tone 1 dBc point.
It is also important to note the general applicability of the reported nonlinear study to all kinds of amplifiers and not only to LNAs. In the design processes of current communication transmitters and receivers, these effects also have to be taken into account, as they work with wide-band modulated signals.
In order to obtain a good idea about the linearity of an overall radio astronomy receiver, the following research line concerns the effects of the reported excitation signals in the nonlinearity of radiometric detectors.
